This study reconciles two perspectives on wintertime atmospheric variability in the North Atlantic-European sector: the zonal-mean framework comprising three preferred locations of the eddy-driven jet (southern, central, northern), and the weather regime framework comprising four classical North Atlantic-European regimes (Atlantic ridge AR, zonal ZO, European/Scandinavian blocking BL, Greenland anticyclone GA). A k-means clustering algorithm is used to characterize the two-dimensional variability of the eddy-driven jet stream, defined by the lower tropospheric zonal wind in the ERA-Interim reanalysis. The first three clusters capture the central jet and northern jet, along with a new mixedjet configuration; a fourth cluster is needed to recover the southern jet. The mixed cluster represents a split or strongly tilted jet, neither of which is well described in the zonal-mean framework, and has a persistence of about one week, similar to the other clusters. Connections between the preferred jet locations and weather regimes are corroborated -southern to GA, central to ZO, and northern to AR. In addition, the new mixed cluster is found to be linked to European/Scandinavian blocking, whose relation to the eddy-driven jet was previously unclear.
Introduction
Jet streams are bands of strong westerly winds in the extratropics and a key feature of the atmospheric general circulation. They exhibit large variability over a range of timescales, and influence regional weather and climate. Jet streams are generated by two mechanisms: angular momentum transport in the thermally direct Hadley circulation creates a shallow subtropical jet aloft (Schneider, 1977; Held and Hou, 1980) , while eddy momentum flux convergence from transient eddies creates a deep barotropic eddy-driven jet in midlatitudes (Held, 1975; Rhines, 1975; Panetta, 1993) . Despite the different formation mechanisms, the two types of jet are not always clearly separated. If the zone of strongest baroclinicity occurs near the latitude of the subtropical jet, the two jets can merge; if the subtropical jet is weak and forms at lower latitudes, the two jets can be well separated (Lee and Kim, 2003 The North Atlantic sector exhibits two separated jets in its wintertime climatology, with the poleward jet being primarily eddy-driven (Lorenz and Hartmann, 2003; Eichelberger and Hartmann, 2007; Li and Wettstein, 2012) . The leading pattern of variability of the eddy-driven jet is a latitudinal shifting that describes 30-40% of the monthly variance (Eichelberger and Hartmann, 2007; Athanasiadis et al., 2010) . This shifting pattern is related to the leading pattern of North Atlantic climate variability (Thompson et al., 2003; Vallis and Gerber, 2008) , the North Atlantic Oscillation (NAO; Wallace and Gutzler, 1981; Hurrell, 1995) . During the positive phase of the NAO (i.e. strengthening of the Icelandic low-Azores high dipole), the eddy-driven jet is more tilted and lies further polewards; during the negative phase, the jet is more zonal and lies further equatorwards (e.g. Wanner et al., 2001 ). This characterization is useful for describing general climate relationships, but does not account for the substantial intraseasonal to interannual jet variability that determines much of the weather in the North Atlantic-European sector.
In an effort to improve our description of North Atlantic jet variability, Woollings et al. (2010) found that the winter eddy-driven jet has three preferred latitudes. They linked the southern jet location to the negative NAO phase, and the central and northern jet locations to the positive and negative phases, respectively, of the East Atlantic (EA) pattern, the second most important pattern of North Atlantic climate variability. The positive NAO phase is not represented by one of these preferred locations, although the central and northern locations both project weakly onto the NAO. The central jet was also described as an undisturbed state whose location is close to the climatological jet latitude.
An alternative view of climate variability to that provided by jet variability is that of weather regimes. Starting from the concept of Grosswetterlagen in the 1940s (Baur et al., 1944; Namias, 1953) , weather regimes were developed as a way to categorize observed variations in geopotential height into recurrent, quasi-stationary patterns persisting beyond the life cycle of individual weather disturbances (Reinhold and Pierrehumbert, 1982; Vautard, 1990) . In the North Atlantic-European sector, most studies identify four wintertime weather regimes (Vautard, 1990; Michelangeli et al., 1995; Cassou, 2008; Dawson et al., 2012; Hannachi et al., 2017) which are closely related to atmospheric blocking: a Greenland anticyclone regime when blocking occurs mainly over Greenland (resembling the negative phase of the NAO); a zonal regime with very little blocking (resembling the positive phase of the NAO); an Atlantic ridge regime with blocking mainly offshore of the Iberian peninsula (also called Iberian wave breaking (Davini et al., 2014) or southwest European blocking (Woollings et al., 2010) ); and a Scandinavian blocking regime with blocking mainly over the European continent and Scandinavia.
The jet location view and weather regime view are clearly related, but there is some mismatch that deserves further exploration. We expect weather regimes to be associated with variations in the eddy-driven jet because the position and strength of the jet are related to the position and strength of gradients in the geopotential height field. Moreover, flow regimes appear to have characteristic patterns of Rossby wave breaking (Benedict et al., 2004; Michel and Rivière, 2011) . Anticyclonic wave breaking on the equatorward flank of the jet acts to push the jet polewards, while cyclonic wave breaking on its poleward flank pushes the jet equatorwards (Thorncroft et al., 1993; Rivière and Orlanski, 2007; Vallis and Gerber, 2008) . While the first three North Atlantic-European weather regimes (Greenland anticyclone, zonal, Atlantic ridge) do appear to be linked to the jet latitude (southern, central, northern) , the fourth regime with blocking over the European continent and Scandinavia is somewhat puzzling. Woollings et al. (2010) suggest that European/Scandinavian blocking is in fact decoupled from jet location. Using a different blocking index, Davini et al. (2014) argue that it occurs preferentially with northern jets, although it is also possible with southern jets. Other approaches link European/Scandinavian blocking to an eastward shifted variant of the negative NAO (Luo et al., 2014) , suggesting some relationship to southern jets.
This study aims to unify the jet and weather regime perspectives by accounting for more complex jet structures which vary on synoptic timescales. Specifically, we are interested in the following questions: (1) Are there any common jet structures that do not fit within the 'three preferred jet locations' framework? (2) Can we reconcile the three preferred jet locations with the four classical weather regimes (in particular, European/Scandinavian blocking)?
The paper is structured as follows: data and methods are explained in section 2; a motivating case-study for considering more complex jet structures is presented in section 3; a twodimensional cluster analysis of the zonal wind is presented in section 4; and these results are compared to the classical weather regimes in section 5. Section 6 provides some discussion and concluding remarks are presented in section 7.
Method
The dataset used in this study is the ERA-Interim reanalysis (Dee et al., 2011) from the European Centre for Medium-Range Weather Forecasts (ECMWF) with a horizontal grid spacing of 0.5
• and a vertical spacing of 50 hPa. We focus on the winter season December-January-February (DJF) from 1979 to 2014, and the North Atlantic-European sector. Daily means of the following variables are used: geopotential height at 500 hPa (Z500), mean sea level pressure (SLP), potential vorticity (PV) on the 330 K isentrope, zonal (U) and meridional (V) wind components. For blocking and weather regimes, we additionally analyse 6-hourly PV and Z500.
The lower tropospheric zonal wind is used to identify the eddy-driven jet stream. The effect of eddies on the mean flow is to decrease the vertical shear and to accelerate the barotropic westerly flow, particularly at lower levels (e.g. Hoskins et al., 1983) . The upper-level wind might also be partly thermally driven, even in the North Atlantic sector (Li and Wettstein, 2012) . Thus, the lower-level wind is considered best for diagnosing the variability of the eddy-driven jet (Woollings et al., 2010) . We use daily values of the zonal wind (U) and apply a 10-day low-pass filter to reduce the influence of short-lived, localized and strong wind features associated, for example, with individual synoptic systems. The filter is a top-hat, the standard low-pass filter implemented in the Climate Data Operators package (CDO, 2015) , with a passband between 0 and 1/10 day −1 , and is applied to daily averages for the entire ERA-Interim period before selecting the winter season. The 'lower tropospheric' zonal wind (U * low ) is then obtained by averaging the low-pass filtered wind between 900 and 700 hPa.
Jet latitude index
We calculate the jet latitude index (JLI) in a way similar to Woollings et al. (2010) . U * low is zonally averaged over the North Atlantic sector (60-0
• W longitude, 15-75
• N latitude), and the JLI is defined as the latitude where the maximum is found. Here, we use the absolute latitude instead of the latitude anomaly. Because we focus on the winter season, the seasonal cycle has not been removed. The JLI from ERA-Interim is nearly identical to that calculated from ERA-40 by Woollings et al. (2010) . It exhibits three clear maxima, as derived from kernel estimation probability density functions (Figure 1 in Woollings et al. (2010) and grey dashed line in Figure 4 ). The three preferred jet locations are at approximatively 36
• N (southern jet S), 45
• N (central jet C) and 58
• N (northern jet N).
Cluster analysis
Cluster analysis techniques have been widely used to identify recurrent and quasi-stationary states of the large-scale atmospheric circulation, also known as weather regimes (e.g. Vautard, 1990; Cheng and Wallace, 1993; Michelangeli et al., 1995; Michel and Rivière, 2011) . They have also been applied to onedimensional jet profiles (Frame et al., 2011) and atmospheric indices (Hannachi et al., 2012) . The two common clustering approaches are hierarchical methods (e.g. Ward's method) and partitioning methods (e.g. k-means). The main advantage of hierarchical methods is that the number of clusters does not have to be specified a priori, but these methods are computationally expensive and less flexible than partitioning methods. Partitioning methods, while computationally efficient, require an a priori decision on the number of clusters k. Depending on the research focus, clustering can be performed on various fields (e.g. mid-tropospheric geopotential height, lower-tropospheric zonal wind) pre-processed in various ways (e.g. filtered to separate timescales or to reduce data dimensionality).
In this study we use k-means clustering similar to Michelangeli et al. (1995) . Empirical orthogonal function (EOF) analysis is applied to the area-weighted U sector (60-0
• W longitude, 15-75 • N latitude) and five EOFs (80% of the sectoral wintertime variance) are retained. Retaining four to six EOFs (76-83% of the variance) produces essentially the same results; with more than seven EOFs retained, the cluster analysis begins to yield structures with undesirable noise (not shown). A k-means clustering algorithm then assigns each observation (daily U * low anomaly) to one of k clusters, where k (the number of clusters) is chosen a priori. Specifically, the algorithm identifies the k cluster centroids that minimize the within-cluster spread, defined as the sum of the squared Euclidean distance of each observation from its cluster centroid. The algorithm is applied ten times to the same dataset to ensure that the clusters are 'stable', i.e. the resulting centroids are identical for different random starting points (seeds).
To compare results for different choices of k, we produce zonal wind composites for each cluster and compute pattern correlations (Rp) between clusters. The pattern correlation is given by the area-weighted spatial covariance between two composites, a and b, divided by the product of their area-weighted standard deviations:
The covariance is defined as
and the standard deviation as
where a, b are North Atlantic sectoral means of the composites; N, M are the number of longitude, latitude points; and φ is the latitude. Values of Rp close to one indicate that the composites are similar.
Weather regimes
Weather regimes can be identified using various methods, including pattern correlation or cluster analysis, applied to various meteorological fields (e.g. Molteni et al., 1990; Vautard, 1990; Cheng and Wallace, 1993; Kimoto and Ghil, 1993; Michelangeli et al., 1995) . For this study, weather regimes are defined using 6-hourly anomalies of Z500 (with respect to the 1979-2014 mean of 6-hourly values, smoothed by a 30-day running mean) that have been low-pass filtered to retain variability on timescales longer than 10 days. We focus on the DJF winter season, for which previous studies report the existence of four North Atlantic-European regimes (Vautard, 1990; Michelangeli et al., 1995; Cassou, 2008; Dawson et al., 2012; Ferranti et al., 2015) , with the exact patterns depending slightly on the definition of the season (discussion in Supplement of Cassou, 2008; Grams et al., 2017) . In line with other studies (e.g. Michel and Rivière, 2011; Ferranti et al., 2015) , k-means cluster analysis is performed over a larger North Atlantic-European sector extending from 80 • W to 40
• E and from 30 to 90
• N. The four identified weather regimes are named following the nomenclature of Vautard (1990) : Atlantic ridge (AR), zonal (ZO), European/Scandinavian blocking (BL), and Greenland anticyclone (GA).
NAO and EA indices
The North Atlantic Oscillation (NAO) and East Atlantic (EA) pattern time series are the first two principal components derived from an EOF analysis of daily Z500 anomalies (with respect to the 1979-2014 mean of daily values) over 75
• W-15 • E and 20-90 • N. We use the same sign convention for the EA index as Woollings et al. (2010) , such that the positive phase has a cyclonic anomaly in the mid-Atlantic. This method gives similar results to the projection of the daily Z500 anomalies onto monthly NAO and EA patterns (Hannachi et al., 2012) .
Blocking
Blocking is identified based on anomalies (derived by subtracting from each 6-hourly time step the corresponding monthly climatology for the 1979-2014 period) in vertically averaged (500 to 150 hPa) PV following the method of Schwierz et al. (2004) . A block is detected if a region exhibits a negative anomaly lower than −0.7 pvu that is quasi-stationary (spatial overlap of 70% for two consecutive 6-hourly time steps) and persistent (spatial overlap fulfilled for at least a 5-day period). We use this PV threshold which is less strict than other studies (e.g. −1.2 pvu in Pfahl et al., 2015) to include weaker blocks that still characterize the different regimes as well as enhanced subtropical anticyclones at lower latitudes. The more strict threshold (−1.2 pvu) would reveal similar blocking patterns, but with an overall reduced frequency (not shown).
Case-studies
The JLI is overall a simple and useful way to characterize the Atlantic eddy-driven jet and its variability, as we will discuss using four example winters (1996/1997, 2004/2005, 2009/2010 and 2013/2014, Figure 1 ). Each of these winters exhibits coherent zonal-mean jet structures (shading) which the JLI (black line) tracks quite faithfully. The JLI hence picks out important differences from winter to winter in terms of the latitudinal position and variability of the jet. For instance, the winter of 2009/2010 was characterized by a strong and persistent negative NAO (e.g. Cattiaux et al., 2010; Ouzeau et al., 2011) , and a southward shifted North Atlantic jet (Santos et al., 2013; Harnik et al., 2014) . The JLI (black line, Figure 1 In such situations, the zonalmean perspective misses the real-world complexity of the jet, and identifying the zonal-mean jet position is not straightforward.
To better illustrate the relationship between the zonal-mean and zonally varying viewpoints, we choose four example days from the winter of 1996/1997 (grey arrows, Figure 1 in red, indicating the dynamical tropopause). The dynamical tropopause generally follows the jet, but there is an elongated PV streamer reaching equatorward to 20 • N at the western edge of the sector. On 12 December 1996 there are two maxima in the low-level wind speed in the North Atlantic sector, with a stronger, broader and tilted southern maximum which is mainly collocated with the JLI (green line at 32.5
• N, Figure 2 (b)). A high pressure system is found south of Greenland and a low pressure system sits offshore of the Iberian peninsula. In the northwestern part of the sector we observe upper-level cyclonic Rossby wave breaking. On 26 December 1996 (Figure 2(c) ), there are three wind maxima: two strong ones (10-15 m s −1 ) in the northern part of the domain, and a weaker (5-10 m s −1 ) branch in the subtropics. The zonal-mean perspective (Figure 1(a) ) shows weak westerlies at all latitudes, which are the result of averaging over these three maxima (Figure 2(c) ). The strongest winds are in the northern maxima. However, the JLI (green line at 35.5
• N) captures the southern maximum, which is weaker but extends over a larger longitudinal range. The split-jet structure is accompanied by a strong high pressure over northern Europe and Scandinavia and a pronounced upper level trough in the middle of the North Atlantic sector. Finally, the last example (16 February 1997, Figure 2(d) ) shows a cyclone-anticyclone dipole in the North Atlantic and a strong jet located in the centre of the domain, in the region of the strongest pressure gradient. The JLI is detected close to the central preferred jet location.
In summary, the JLI works well for describing the eddydriven jets in most cases, but less well when the jet deviates from a relatively zonal structure (e.g. tilted as in Figure 2 (b) or split as in Figure 2(c) ). Next, we consider the jet's zonally varying structure in an attempt to capture a fuller range of its variability.
Jet clusters
On synoptic timescales, the structure of the eddy-driven jet stream can be quite complex and therefore challenging to describe using a single index. Some alternatives exist. For example, Messori and Caballero (2015) introduced the concept of jet angle to account for tilted jets. Other methods have been developed to identify more complicated jet structures (e.g. Koch et al., 2006; Schiemann et al., 2009; Limbach et al., 2012; Spensberger et al., 2017) , but these are feature-based and/or focus on upper-level jets, which are not purely eddy-driven.
Two-dimensional cluster analysis offers a way to characterize jet structures that allows for both tilted and split jets. A key question is how to determine a meaningful number of clusters k, as this value must be specified a priori. Since the North Atlantic eddy-driven jet stream has been shown to have three preferred latitudinal locations, it seems natural to start with k = 3 clusters on the lower tropospheric wind (section 2.2). Additionally, we perform the cluster analysis for larger values of k, and compare the resulting clusters. Note that, because each day must be classified into a cluster and because the transition from one cluster to another is not instantaneous, there are days that exhibit substantial similarity to more than one cluster. Such days are included in the cluster composites shown here, but the main results do not change when using only the days closest to each cluster centroid. Surprisingly, with k = 3, we find counterparts for only the northern and central preferred jet locations from the JLI framework, and not the southern jet location. The first cluster, termed N 3 (N for north and 3 for k = 3, the number of clusters; first panel, Figure 3 (a)) comprises 1061 days and exhibits a maximum in U * low (black contours) in the northern part of the domain, between 50
• N and 60
• N. The highest standard deviations in U * low (shading) are collocated with the wind maximum, and the standard deviation does not exceed 8 m s −1 (approximately 50% of the maximum wind). This resembles the wind composite for the northern jet location using the JLI (cf. Woollings et al., 2010, their Figure 6 ). To verify, the JLI was calculated for all days in the N 3 cluster (blue line, Figure 4(a) ). It has a peak between 50 and 60
• N, showing that N 3 accounts for a large part of the northern peak in the climatological wintertime JLI distribution (grey dashed line, Figure 4(a) ). The second cluster, C 3 (central; second panel, Figure 3(a) ), comprises 1048 days and exhibits a tilted wind maximum in the centre of the domain around 40
• N. For this cluster, the highest standard deviations are not collocated with the wind maximum as for N 3 ; rather, there is large variability on the northern and southern flanks of the maximum. The JLI for the C 3 cluster (black line, Figure 4(a) ) is most often at latitudes between 40 and 50
• N, similar to the preferred latitude of the central jet location, but with more occurrences of the JLI at latitudes south of 40
• N which contribute to the southern peak in the climatological wintertime distribution. Finally, the third cluster (1041 days; third panel, Figure 3(a) ), which we might have expected to resemble the southern jet location, does not. Instead of a wind maximum in the southern part of the domain, it has two distinct maxima in the southwestern and northeastern parts of the domain, with the highest standard deviations found between the maxima. The associated JLI (red curve, Figure 4 (a)) is also curious: it covers a wide range of latitudes and with slightly higher frequencies close to both the southern and northern peaks of the wintertime climatology. Because the cluster composite shows a somewhat split jet structure with a strong tilt, we call this the 'mixed' cluster (M 3 ).
The missing southern jet location from the JLI framework emerges with an additional cluster (k = 4). The northern cluster N 4 (first column, Figure 3(b) ) is similar to the N 3 cluster in terms of wind strength and variance, as well as JLI distribution (blue line, Figure 4(b) ). Of the 799 days in this cluster, 772 (97%) were classified in the former northern cluster (N 3 ). The central cluster C 4 exhibits a more zonal jet than C 3 , with reduced variability, especially on the southern flank of the jet. The JLI has a clearer peak in C 4 than C 3 , centred between 40 and 50
• N with almost no occurrences south of 40 • N (compare black lines in Figures 4(b) and (a)). The mixed cluster M 4 is the most populated cluster (875 days) and it is similar to the M 3 cluster but with stronger maxima. The JLI (red line, Figure 4(b) ), as previously with k = 3, covers a wide range latitudes, although the southern peak is less pronounced. Finally, in the fourth cluster, the wind composite shows the jet in the southern part of the domain, with a clear wind maximum around 35
• N and enhanced variance to the north. The JLI (orange line, Figure 4(b) ) is most frequently between 30 and 45
• N, which accounts for a large part of the southern peak in the climatological wintertime distribution.
Introducing a fifth cluster (k = 5), the main change is that the mixed cluster is further refined into a tilted jet configuration T 5 along with the existing split jet M 5 (Figure 3(c) ). The previously By adding more clusters, we allow for cleaner separation between certain jet configurations, but we also end up with clusters that look more similar. This is shown in Table 1 , which reports the pattern correlation (Rp) between the wind composites of various clusters for different values of k. The choice of k = 3 seems reasonable in the light of the JLI framework, but the three clusters that emerge capture only the northern and central preferred jet locations, and not the southern. The highest pattern Table 1 . Pattern correlations Rp between clusters for k = 3, k = 4 and k = 5 clustering results (N: northern, C: central, M: mixed, S: southern, T: tilted). correlation between any two clusters is Rp(N 3 , C 3 ) = 0.63. The choice of k = 4 also seems reasonable, as there is strong evidence for the existence of four recurrent and quasi-stationary regimes in the large-scale atmospheric circulation (e.g. Vautard, 1990; Michelangeli et al., 1995) . Among the k = 4 clusters, we find the three preferred jet locations, as well as the mixed cluster. The new southern cluster is quite distinct, especially from the northern cluster (Rp(N 4 , S 4 ) = 0.22), but the two most similar clusters become slightly more similar (Rp(N 4 , C 4 ) = 0.72). Adding a fifth cluster more clearly distinguishes between split jets and tilted jets. The new tilted cluster is highly correlated with both the central (Rp(C 5 , T 5 ) = 0.86) and northern (Rp(N 5 , C 5 ) = 0.84) clusters, but the similarity between all other clusters decreases. The rest of the paper will focus on the k = 4 results since the main goal of this study is to reconcile the jet and weather regime perspectives. There is good agreement between the k = 4 clusters and the JLI during well- Figure 1(d) ). The additional M 4 cluster helps clarify periods when the zonal-mean wind struggles to capture a more complicated, zonally varying jet structure. The 1996/1997 winter had an extremely variable jet with a substantial presence of all four clusters (Figure 1(a) ). The mixed M 4 cluster (red segments) occurs mainly during periods when the zonal wind is weak (e.g. days 48-60) or more than one maximum exists (e.g. days 22-35). For M 4 days during this winter, the JLI is typically in the northern (e.g. days 50-60) or southern (e.g. days 25-30) location, a result that holds more generally for the entire ERA-Interim period as well (red line, Figure 4 
(b)).
A legitimate question is whether the mixed cluster is just a transition phase between the southern, central and northern clusters. If so, one might expect a considerably shorter persistence of the mixed cluster. The mean, median and maximum number of consecutive days in each cluster are shown in Table 2 . The mixed cluster M 4 is as persistent as the others, refuting the transition hypothesis. A similar conclusion holds for k = 3 or k = 5 clusters (not shown). With a mean duration of 7.3 days, M 4 is second only to S 4 , which is the most persistent state, in agreement with previous studies (e.g. Barnes et al., 2010) . 
Relation to blocking and weather regimes
There remain some open questions in connecting the North Atlantic eddy-driven jet to atmospheric blocking and weather regimes, as described in the introduction. The three preferred jet locations (southern, central, northern) seem clearly linked to three of the four characteristic blocking situations (Greenland blocking, no blocking, blocking offshore of Iberian peninsula), but there is some disagreement over the nature of the jet during European/Scandinavian blocking. Woollings et al. (2010) concluded that it occurs for all jet locations and it is hence decoupled from the jet stream, while Davini et al. (2014) argued that it is mainly associated with northern jets, but also possible with southern jets. This mismatch extends to the four weather regimes because they are also related to blocking situations, with the BL regime seemingly having no clear preferred jet location. In this section, we ask how the picture changes when moving from the zonal-mean framework of three preferred jet locations ( Figure 5 ) to the zonally varying framework of four jet clusters ( Figure 6 ). Not only do we find a link to the problematic BL regime and European/Scandinavian blocking, but there is also better agreement of the geopotential anomalies patterns between the remaining three weather regimes and jet clusters.
First, we compare the three patterns that correspond well across the various frameworks. Starting with the three preferred locations, the Z500 composite for the southern jet location (shading, Figure 5 (c)) resembles the negative pattern of the NAO, with an Iceland-Azores dipole and a zonally oriented eddy-driven jet (U * low , black contours). The Z500 patterns and jet structure are very similar for both the GA regime (Figure 6(d) ) and the S 4 cluster (Figure 6(h) ). The northern and central jet composites (Figures 5(a) and (b) of the EA pattern, respectively, with strong centres of action in the North Atlantic. For the northern jet, the Z500 pattern is a positive North Atlantic anomaly with a negative anomaly further north (shading, Figure 5(a) ). A similar, slightly rotated, Z500 dipole is present for the AR regime (Figure 6(a) ) and the N 4 cluster (Figure 6 (e)), and these are in better agreement with each other than they are with the northern jet composite (Figure 5(a) ). The eddy-driven jet exhibits a strong southwest-northeast tilt in all cases. For the central jet, the Z500 pattern is a negative North Atlantic anomaly with a much weaker positive anomaly further south (shading, Figure 5(b) ), resembling a diluted version of the patterns for the ZO regime (Figure 6(b) ) and C 4 cluster (Figure 6(b) ). The strength of the Z500 anomalies are comparable for the ZO regime and C 4 , but the positive anomalies over central Europe are missing in C 4 . The eddy-driven jet is strong (large area > 15 m s −1 ) and tilted for the preferred central jet, the ZO regime, and the C 4 cluster.
None of the preferred jet location composites exhibits positive geopotential anomalies over northern Europe and Scandinavia, as is characteristic of the BL regime (Figure 6(c) ). The mixed M 4 cluster does (Figure 6(g) ). Furthermore, the eddy-driven jet for the mixed cluster (black contours) is split into two branches, one in the southeastern part of the sector and one over northern Europe, just as the jet for the BL regime. This jet configuration is exemplified by the synoptic situation in Figure 2(c) , where a strong anticyclone sits over Scandinavia (identified as a block following the approach of Schwierz et al. (2004) , section 2.5) and the jet is discontinuous over the North Atlantic.
We now see that European/Scandinavian blocking is not decoupled from the eddy-driven jet, but rather associated with the mixed-jet cluster. Blocking episodes are characterized by persistent anticyclones that can interrupt the mean westerly flow. When such an anticyclone is over Scandinavia, the jet is more likely to be disturbed or split over the North Atlantic sector, as in cluster M 4 . The JLI struggles to identify these disturbed jets such that, from the JLI viewpoint, it appears that the jet can occur at any latitude during European/Scandinavian blocking (red line, Figure 4(b) ).
We can quantify the distinctive blocking patterns associated with the jet clusters, according to the PV-based blocking index. This shows an enhancement in the blocking frequency of more than 30% over Europe and Scandinavia during mixed cluster days (shading, Figure 7 (c)), supporting the results of the weather regime analysis. As in other studies, there is also evidence of enhanced blocking over southwest Europe and offshore of the Iberian peninsula for the northern cluster (Figure 7(a) ), while the southern cluster exhibits enhanced blocking frequencies of up to 25% over Greenland (Figure 7(d) ). The central cluster (Figure 7(b) ) has been referred to as the unperturbed state (e.g. Woollings et al., 2010) and exhibits up to 25% less blocking over the British Isles and northwest Europe. Thus, there is a link between the preferred blocking locations, the eddy-driven jet and the large-scale flow regimes in the North Atlantic (similar to the results of Stan and Straus, 2007 , for the North Pacific). These general patterns are also seen in the example synoptic situations presented earlier (Figures 2(a)-(c) ), where the blocking anticyclones are found in different places depending on which cluster the day belongs to. For the N 4 day (Figure 2(a) ), there is a strong upper-level ridge (red 2 pvu contour) and surface high pressure system (shading) located over the Atlantic. For the S 4 cluster (Figure 2(b) ) and M 4 cluster (Figure 2 (c)) these features are located over Greenland and Europe/Scandinavia, respectively.
Further corroboration that the jet and weather regimes perspectives are consistent comes from examining how individual days are categorized in each framework. The relative frequencies of the four weather regimes are 23% AR (732 days), 29% ZO (926 days), 26% BL (805 days) and 22% GA (687 days), in good agreement with a similar analysis done using ERA-40 extended winters from 1958 to 2001 (Michel and Rivière, 2011) . Within the AR regime, most (70%) days are classified in the N 4 cluster (blue bar, Figure 8 (a)), with some days coming from C 4 (black) and M 4 (red), and very few from S 4 (orange). Within the ZO regime (Figure 8(b) ), more than half of the days are classified in the C 4 cluster, with the remaining days coming equally from the other three clusters. Within the BL regime (Figure 8(c) ) the M 4 cluster dominates (63%), and within the GA regime the S 4 cluster is most frequent (58%). The jet clusters and weather regimes are computed based on slightly different domains and different atmospheric variables, but these results nevertheless indicate that eddy-driven jet variability is closely related to large-scale conditions over Europe.
Discussion
The clustering results help clarify the relationship between eddy-driven jet locations and weather regimes, but raise some additional considerations. In this section, we contextualize how the jet clusters are related to the NAO and EA indices, discuss the within-cluster variability, and position the k = 5 clustering results (in particular the tilted cluster) within the weather regime framework.
Previous studies showed that the latitude of the eddydriven jet is connected to the NAO and EA teleconnection patterns (Woollings et al., 2010; Franzke et al., 2011; Davini et al., 2012; Woollings and Blackburn, 2012 ) -both patterns must be considered, although they are not always sufficient, to describe variations in jet latitude and strength (see also Fyfe and Lorenz, 2005; Monahan and Fyfe, 2006) . We examine how the jet clusters are distributed in NAO-EA phase space (Figure 9 ). The four clusters are not clearly associated with distinct values of the NAO and EA indices, although each cluster tends to reside in a certain quadrant. The southern jet location has been associated with the negative NAO phase (e.g. Woollings et al., 2010; Hannachi et al., 2012) ; the southern cluster (orange contours and dots) has its centroid in negative NAO space, but includes a considerable number of positive NAO days, and is actually better distinguished by the EA index being mainly positive. A similar conclusion can be drawn from the geopotential anomalies associated with Figure  11 ), suggesting that an ambiguous region in the zonal-mean framework might be better distinguished in a zonally varying framework. The present study confirms that the variability of the eddy-driven jet is complex and cannot be described by a single index. Furthermore, our results do not support a one-toone correspondence of the ZO (GA) regime with the positive (negative) NAO. The variability within each cluster exhibits distinct spatial patterns, independent of the choice of k (shading, Figure 3 ). For example, the highest standard deviations for the C k clusters are found on the flanks of the jet, suggesting meridional shifting, whereas in the N k clusters they coincide with the jet maximum, suggesting changes in jet speed (pulsing). Since the eddy-driven jet is maintained by eddy feedbacks (e.g. Hoskins et al., 1983; Lorenz and Hartmann, 2001) , these different variability patterns could indicate that different eddy-mean flow interactions dominate each jet configuration. The location of the jet dictates wave breaking patterns in idealized experiments (Rivière, 2009) , with more anticyclonic (cyclonic) wave breaking for northern (southern) jets. Jet location has also been found to affect eddy propagation due to spherical geometry effects (Barnes and Hartmann, 2011; Lachmy and Harnik, 2016) : because the stationary wavenumber decreases with increasing latitude (due to decreasing beta, the meridional gradient of absolute vorticity (Hoskins and Karoly, 1981) ), eddies tend to be reflected rather than to break (cyclonically) on the northern flank of the jet when it is located far to the north. Thus, high-latitude jets should experience less shifting variability and more pulsing variability, as suggested by the within-cluster standard deviation patterns of the N k clusters (Figure 3) . When the jet is far south, the eddy-driven jet can merge with the subtropical jet, concentrating variability on its northern flank (Barnes and Hartmann, 2011) , as is seen for the S k clusters. While we have focused on the clustering results using k = 4 clusters, there is further insight to be gained from the tilted jet that emerges in the k = 5 clusters. The tilted cluster mainly occurs in the zonal regime (37% of the time, Figure 10 (b), T 5 on the x-axis) but also in the AR (26%) and BL (23%) regimes. Many of the T 5 days were previously classified as N 4 and M 4 (blue and red colours in the T 5 bars), and the composites of these clusters are in fact very similar (Rp(T 5 , N 4 ) = 0.91 and Rp(T 5 , M 4 ) = 0.87; Table 3 ). The other k = 5 clusters (N 5 , C 5 , M 5 and S 5 ) correspond quite well to their k = 4 counterparts (stacked bars dominated by one single colour, Figure 10 ). This suggests that the tilted jet cluster could be a variation of the central jet cluster.
The choice of an appropriate metric (jet clusters, weather regimes, JLI, NAO/EA) to use for characterizing eddy-driven jet variability depends largely on the purpose of the study and the available data. The JLI is eminently useful for its simplicity, and is a good choice when a continuous time series of unique, daily values is desired (e.g. for summarizing changes in the state of the eddy-driven jet over time or under different forcing scenarios or quantitatively comparing the jet state on two days). It can be used over limited time periods and does not require highresolution data. In interpreting JLI-based results, however, issues like the inability to capture split or tilted jets and sensitivity to orography should be kept in mind. Similarly, the NAO/EA indices are simple and can be used on limited datasets, but they must be used in combination and even then are not a direct measure of the various jet configurations. In general, the NAO/EA indices and the JLI do not necessarily capture the same jet variability in models as in observations (e.g. Merz et al., 2015; Masato et al., 2016) , making it difficult to use them as metrics for model comparisons. Weather regimes and jet clusters provide the most complete picture of the variability because they capture the two-dimensional spatial patterns. These two complementary metrics should thus be preferred, for example, when studying the dynamics of weather extremes. They could also provide a more robust framework for evaluating model biases. However, to correctly represent the jet clusters and weather regimes requires higher spatial resolution than is afforded by current climate models (Dawson et al., 2012) as well as a large sample size (i.e. a long enough time series to capture the full variability). Ideally, one would use a combination of metrics rather than relying on a single one in order to ensure a more accurate representation of the eddy-driven jet variability.
Concluding remarks
This study links two different perspectives on wintertime variability in the North Atlantic sector: the JLI framework that comprises three preferred eddy-driven jet locations (Woollings et al., 2010) , and the weather regime framework that comprises four North Atlantic-European weather regimes (e.g. Vautard, 1990; Michelangeli et al., 1995) . A k-mean clustering algorithm is used to characterize the variability of the eddy-driven jet, as defined by the two-dimensional low-level wind field. This analysis allows us to extend the zonal-mean picture provided by the JLI, and thus to account for more complex jet configurations such as tilted or split jets. The main conclusions are:
1. In addition to the three preferred eddy-driven jet stream locations (southern/central/northern), a new jet configuration (the mixed cluster M) is found in the North Atlantic. The mixed cluster represents a split or strongly tilted jet (Figure 6 (g)), and is not merely a transition state (Table 2 ). In the zonal mean perspective, it exhibits a JLI over a range of latitudes, with a slight preference for the northern and southern locations (Figure 4(b) ). 2. With the clustering results, we can now reconcile eddydriven jet variability with the four classical weather regimes. The four North Atlantic jet clusters are linked to the four North Atlantic-European weather regimes and their associated blocking patterns (Figures 6 and 7) . During European/Scandinavian blocking, the jet is mainly in the newly identified mixed cluster (Figure 8 ).
There remains more to investigate on the mechanisms responsible for the persistence of the four jet clusters, what drives their transitions, and whether preferred transition paths exist. There have been studies on the transitions between preferred jet locations (Hannachi et al., 2012) and the role of wave breaking in these transitions (Franzke et al., 2011) . It is the aim of future work to include the mixed-jet configuration in similar analyses, and further bridge to weather regime transitions (Michel and Rivière, 2011) . The role of eddy-mean flow interactions in determining the within-cluster variability will also be explored.
